We investigate the 2-dimensional Fermi surface of high-mobility LaAlO 3 /SrTiO 3 interfaces using Shubnikovde Haas oscillations. Our analysis of the oscillation pattern underscores the key role played by the Rashba spin-orbit interaction brought about by the breaking of inversion symmetry, as well as the dominant contribution of the heavy d xz /d yz orbitals on electrical transport. We furthermore bring into light the complex evolution of the oscillations with the carrier density, which is tuned by the field effect.
The conducting interface between the two band insulators LaAlO 3 (LAO) and SrTiO 3 (STO) has drawn a lot of attention as it presents a variety of exciting properties, among them superconductivity and a large spin-orbit coupling, both being tunable by an electric field [1] . As the 2DEG lies on the STO side, the conduction band of the system is dominated by the Ti 3d-t 2g orbitals as for bulk STO. However, at the interface quantum confinement spectacularly alters the orbital ordering of the energy levels, as observed by X-ray spectroscopy [2] : for a given sub-band index, the states with predominantly d x y symmetry have, on average, a lower energy than states derived from the d xz /d yz orbitals. Currently, experimental and theoretical estimates of the outof-plane extent of the 2DEG vary from a few monolayers [3] [4] [5] to 10 nm [6] [7] [8] and, consequently, the number and precise energy arrangement of these sub-bands is still an open question. The asymmetric confining potential also brings about a breaking of inversion symmetry: its effect is to spin-split the electronic bands (Rashba effect) [9] [10] [11] with important consequences on the magnetotransport of the system [12] [13] [14] .
In this letter, we study the strength of the Rashba spinorbit coupling in interfaces with low carrier densities (≈ 10 12 cm −2 ). By analyzing the Shubnikov-de Haas (SdH) oscillations, we show that, the splitting induced by the Rashba spin-orbit interaction (SOi) is similar, in these samples, to the one observed in interfaces displaying higher carrier densities [12] [13] [14] . At these low-density interfaces, we find that the Fermi energy (E F ) is comparable to the spin-orbit splitting, defining an unusual regime when compared to semiconductor 2DEG. We contend that this situation makes the analysis of the quantum oscillations more subtle, due to the presence of two "pseudo-frequencies" related to the two spin-split level families. Electric field effect experiments reveal that the evolution of the Landau levels (LLs) that is observed as one changes the carrier density is singular.
The LaAlO 3 layers were grown by pulsed laser deposition at 650
• C, a lower temperature than for standard interfaces [15] . Hall bars for DC transport measurements were patterned and field-effect devices were realized using the STO single crystal substrate as the gate dielectric (see Supplemental Material [16] ). Magnetotransport measurements were performed in a dilution refrigerator equipped with a 8 T superconducting magnet. Figure 1a displays a set of sheet resistance versus magnetic field (B) curves for temperatures ranging from 800 mK to 50 mK. As can be seen, the magnitude of the Shubnikovde Haas oscillations increases markedly as the temperature is lowered. At 50 mK and in high magnetic field, the amplitude of SdH oscillations is about 10-15% of the sheet resistance value. To change the carrier density, we apply a back-gate voltage [17] . Fig. 1c shows that upon carrier density tuning the transverse resistance R x y varies linearly with magnetic field. From Fig. 1d , we see that ramping the gate voltage (V g ) up to large positive values leads to an increase of the inverse Hall coefficient. Analysing the Hall signal using a single-band model, we extract a carrier density at 50 mK that increases from 2.5 to 4.8 × 10 12 cm
as V g is swept from 79 to 107 V, i.e. as the sheet conductance (σ 2D ) at 0 T increases from 1.6 to 5.27 mS.
Concomitantly with this variation of the electron density, the electron mobility µ evolves from 3900 to 6900 cm 2 V −1 s −1 , as shown in Fig. 1e [14, 18, 19] . As can be seen in Fig. 1b , the changes in electron mobility and density strongly modify the structure of the SdH oscillations with a clear change in both the peak position and the period of the oscillations.
In order to proceed with the analysis of the SdH data presented in Fig. 1 , we subtracted the background:
with R s (B) and R x y (B) the measured longitudinal and transverse resistances, respectively, and σ 0 (B) a non-oscillating polynomial background. Examples of the resulting curves can be found in Fig. 4 . Looking at the SdH oscillations, we note (at least) two frequencies modulating the conductance. Hence, we first analyse the data considering a model with two parabolic bands for which the magnetoconductance can be calculated using the Lifshitz-Kosevich (LK) formula [20] . We fit the data for the largest conductance introducing an arbitrary phase for each frequency.
As can be seen from Fig. 2a , a good fit to the data can be obtained using the two frequencies 18 T and 55.9 T [4] . Panel b displays the derivatives of the theoretical and experimental curves allowing the positions of the maxima and minima to be compared. Considering the Onsager relation with a spin degeneracy of ν s = 2 and a valley degeneracy of ν v = 1, we find the carrier densities for the two bands to be 0.87 and 2.7 × 10 12 cm −2 , which yield a total carrier concentration of ∼ 3.6 × 10 12 cm −2 . This value is of the same order of magnitude as that extracted from Hall effect measurements, albeit slightly lower. We note that similar discrepancies between the sheet carrier densities obtained using Hall effect data and SdH oscillations have already been reported [15, [22] [23] [24] . A possible explanation is that carriers with a lower mobility contribute to the Hall and magnetoresistance response, but not to the oscillations.
In the LK formalism, the temperature evolution of the oscillations has the following functional form:
with α LK,i = 2π
, B m the field at which the extremum is observed, i the band index, T the temperature, and −e the electronic charge.
We extracted the high and low frequency (HF and LF) parts of the SdH oscillations shown in Fig. 2a . Selecting 17 and 4 extrema for the HF and LF, respectively, good agreement between theory and experiment is obtained by choosing an effective mass of 2.7m e for the HF and 1.25m e for the LF (see Supplemental Material [16] ). The value of the light mass is in line with previously reported estimates for STO based heterostructures [15, 22, 23] . Likewise, the presence and importance of carriers with a heavier mass have been recently revealed from the analyses of magnetotransport in perpendicular and parallel fields [14] .
With the information extracted from this analysis, the electronic structure of our two-band model can be reconstructed and the splitting at the Fermi level between the heavy and the lighter bands determined:
k F,i is the Fermi momentum in the i-th band obtained from the area A i = πk 2 F,i calculated using the Onsager relation, andk F = (k F,1 + k F,2 )/2. We find ∆E ≈ 2.45 meV.
Remarkably, the calculated band splitting ∆E is similar to the typical Rashba spin-orbit splitting estimated for LAO/STO heterostructures [12, 13] . In a Rashba scenario, the SOi splits the LLs of a single band into two families (±) of irregularly-spaced levels. These energy levels are labeled by an integer N 0 and read, for an isotropic Fermi surface and a k-linear splitting [26] : To compare the data with this second model, we computed numerically the DOS, the chemical potential, and the conductance for each magnetic field and temperature, using the formalism of Ref. 2. We considered a Gaussian broadening of the LLs with a variance γ ± B. The results are displayed in Fig. 3 . As can be seen, good agreement between the data and the theory is obtained (see Supplemental Material [16] ).
The carrier density extracted from this analysis is n SdH 2D = 1.83 × 10 12 cm −2 , substantially lower than the one found using the Hall effect measurements. As discussed for the two-band model, this is not surprising, as only bands with a mobility larger than ≈ 2000 cm 2 V −1 s −1 will give rise to observable SdH oscillations at the relatively low fields used here. The magnitude of the obtained Rashba coupling constant (α = 3.4 × 10 −12 eV m) agrees very well with values obtained from weak localization analyses and from modelling of the transport data in parallel fields [12] [13] [14] . We note that, given the small value of k F in our samples, a k-cubic Rashba interaction inducing a spin-splitting of ≈ 2 meV would require a very large coupling constant α 3 , beyond the values recently reported by H. Nakamura et al. [29] .
To obtain the effective mass, we selected three peaks from a region of magnetic fields where the amplitude of the oscillations is large. Fig. 3c shows that the data can be fit perfectly using an effective mass of 2.19 ± 0.06m e . This value may indicate that the electronic state of the oscillating carriers is not dominated by Ti d x y orbitals, as one would then expect a lower effective mass (∼ m e ). Instead, the higher mass obtained in this analysis can be understood by taking into account the contribution of d xz /d yz orbitals to the electronic states. We note that a recent analysis of photoemission spectra for interfaces grown at 650
• C, complemented by ab initio calculations, was consistent with a 2DEG having occupied d xz /d yz electronic states at the Fermi energy [30] .
This observation corroborates our recent results on standard LAO/STO interfaces, where a sharp decrease in the elastic scattering rate was correlated to the progressive appearance, at the Fermi level, of heavier carriers [14] . The average effective mass of the carriers was observed to evolve from ∼ 0.7m e to ∼ 2.2m e , 2.2m e being precisely the value observed here. These results appear to showcase the critical role played by heavier carriers in establishing high-mobility at the LAO/STO interface. We note that this feature gives further substance to a scenario of spin-orbit protected transport due to a Fermi surface reconstruction induced by the Rashba interaction [14] .
Because the Zeeman energy enters equation (5) only as a squared term, for the LLs with N > 0, we find two solutions for the g * -factor, namely 5.2 or −3.4, values similar to the ones observed in semiconductor heterostructures. We note that g * -factors significantly different from 2 where predicted by ab initio calculations in bulk STO [31] . In this second scenario, we can also estimate the Rashba splitting and the Fermi energy. Interestingly, we find that both are of the same order of magnitude: ∆ R = 2.2 meV and E F = 1.65 meV, a situation very different from the one of many semiconductor 2DEGs, where the Fermi energy dominates.
The physical pictures emerging from the two previous analyses seem quite different. Can we understand the results obtained using the LK formula in the light of the band structure suggested by the Rashba model? In the particular regime that we are studying, it can be shown (see Supplemental Material [16] ) that two "pseudo-frequencies" (F + and F − ) can be observed for, respectively, the evolution in magnetic field of the "+" and "−" LLs located close to the Fermi level. In addition to that, these two components of the quantum oscillations have different temperature behaviors, which, if analyzed using the LK formula, lead to two different effective masses (m * + and m * − ). Interestingly enough, theory predicts that m * + is always larger than m * − . Using the parameters of the fit presented in Fig. 3 We have estimated, from the data, F − and F + as a function of magnetic field using three different procedures (see Supplemental Material [16] ). Fig. 3d shows the estimated F − and F + as a function of 1/B on top of the theoretical prediction (thick orange line). A very good agreement is obtained both in the amplitudes and in the signs of the frequency variations. We note that the field dependence of F − and F + is probably the reason why the low field region of the quantum oscillations is fitted better by the Rashba model than by the two-band model (compare plots in inset of Fig. 2b and Fig. 3b) .
In a 2DEG with more than one sub-band populated, intersub-band scattering was shown to bring additional components to the Shubnikov-de Haas oscillations [32, 33] . More recently, this effect was also discussed for systems composed of a unique Rashba spin-orbit split band [6] : the (pseudo-)frequencies associated to this phenomenon are F + + F − and F + − F − . Looking at the Fourier transform of our data (see Supplemental Material [16] ), we indeed observe maxima in the spectrum of the oscillations located at F + + F − and F + − F − . We finally discuss the gate-voltage dependence of the SdH oscillations. Fig. 4 shows the change in conductance as a function of 1/B for various V g (i.e. σ 2D ). A clear evolution of the SdH oscillations with decreasing doping is visible and is compatible with the shrinking of the Fermi surface expected from Hall measurements. With the help of the second derivative −∆σ (1/B) = −∂ 2 ∆σ/∂ (1/B) 2 m which amplifies F + , we identify all maxima from the "+" levels as a function of applied applied gate voltage. These maxima are indicated in Fig. 4 by black dots. We expect that the trajectories traced out by the black dots as a function of V g correspond to the evolution of each LL as a function of the chemical potential. Strikingly, we see that these trajectories present sharp deviations or jumps upon decreasing V g . This feature is clearly visble on a fan diagram featuring −∆σ (1/B) versus (B, σ 2D ) (see Supplemental Material [16] ) which nicely illustrates the fact that the position of the "+" LLs follows a simple evolution only for limited regions of the diagram. Conversely, we observe that at precise locations the amplitude of the SdH oscillations is strongly suppressed.
There are many situations in which quantum oscillations rapidly change their phase and/or amplitude as a function of B. An example is the exchange interaction that enhances the g * -factor for magnetic fields beyond a critical value [35] [36] [37] [38] [39] [40] [41] [42] . Changes in the oscillation pattern can also occur when different LLs cross at a particular magnetic field: in this case anti-crossings can be observed [43] [44] [45] [46] [47] [48] [49] . These phenomena originate from many-body interactions. The deviations observed in Fig. 4 point to an interaction whose energy scale is of the order of the LL splitting (≈ 0.1 meV at 2.5 T for the highest doping and the "+" levels). Further studies are needed to determine the nature of this interaction.
The study presented here unravels the remarkably complex behavior of the Shubnikov-de Haas oscillations seen at the LAO/STO interface. Our analysis reveals the important role played by the Rashba SOi on the electronic band structure and the peculiar regime hereby realized. Finally, the evolution of the LL spectrum as a function of doping and magnetic field displays sharp deviations that we cannot explain in our independent electron picture.
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S1 -Growth conditions and sample geometry
LaAlO 3 /SrTiO 3 interfaces were realized by growing 9 unit cells of LaAlO 3 on a (001) oriented TiO 2 terminated SrTiO 3 substrate using pulsed laser deposition. The deposition conditions were an oxygen pressure of 10 −4 mbar, a substrate temperature of 650
• C, a repetition rate of the ablating laser of 1 Hz, and a fluence of 0.6 J cm −2 . The growth process was monitored in-situ using reflection high energy electron diffraction (RHEED). After growth, the sample was annealed for 1 hour in 0.2 bar of O 2 at a temperature of ∼ 530
• C.
In order to avoid any photolithographic step after the layer deposition, we patterned the substrate with amorphous SrTiO 3 [1] . The dimensions of the Hall bars for magnetotransport measurements were 500µm × 1000µm (width×length). The field-effect devices were realized using the STO substrate as the gate dielectric adding a metallic contact on its backside (yellow rectangle, see Fig. 1 ). The blue arrow indicates the direction of the external magnetic field for all the magnetotransport measurements of this work. Figure 2 illustrates the procedure that we followed to extract the effective mass using Eq. (2) of the main text. The top (bottom) panel shows data obtained for the highfrequency (low-frequency) component of the magnetoconductance recorded at σ 2D = 5.27 mS. Each color is linked to the temperature evolution of a single oscillation. 
FIG. 1. Schematic view of sample geometry.
S2 -Effective mass associated with the high-and low-frequency components of the SdH oscillations
S3 -Modeling the SdH oscillations in the case of a single band with Rashba/Zeeman splitting
In order to determine the SdH oscillations pattern of the conductance for a single band with Rashba and Zeeman splittings, we start with the expression of the Landau levels presented in the main text,
with E c = ħ hω * c , E Z = (g * /2)µ B B the Zeeman splitting, and E α = α 2eB/ħ h with α the Rashba coupling. Setting the values of m * , g * , α, and B defines the energy of the Landau levels (LLs) for a given magnetic field (vertical red/blue lines in Fig. 3, top) . We broaden each level using a gaussian line shape with a variance Γ ± = γ ± B, and perform the sum over all levels to obtain the density of states g(E):
The result is shown in Fig. 3 , bottom. The chemical potential µ (vertical green line in Fig. 3 ) is obtained by solving numerically the equation giving the carrier concentration at a given temperature, with f (E) = (e E/k B T + 1) −1 the Fermi-Dirac distribution. Finally, the conductance is obtained via [2] :
We performed this calculation at each B in order to get the field dependence σ x x (B). Finally, the oscillating part ∆σ x x (B) of the conductance was obtained by subtracting a curve computed using a sufficiently high temperature T high , at which the SdH oscillations are completely suppressed:
This method was successfully applied, e.g., in Ref.
3.
S4 -Minimal parametrization of the Landau-level spectrum in the case of a Rashba/Zeeman split system
In the presence of a linear Rashba spin-orbit interaction and a Zeeman splitting, the LLs spectrum of a parabolic and isotropic band is given by Eq. (5). Introducing the energy scale E c,1 E c (B = 1 T) to normalize the energies, E = E/E c,1 , Eq. (5) can be simplified:
Similarly,
with D = 8(αm * ) 2 /(eħ h 3 ). We observe that, in the constant E F approximation, only three parameters are required in order to determine the values B * where the conductance is maximal [4] : those areẼ F , a and D.
S5 -Using the LK formula to analyze the quantum oscillations in Rashba spin-orbit split bands
In this section we show that the LL spectrum generated by the Rashba spin-orbit model can be analyzed using the Lifshitz-Kosevich (LK) formula. In this case we obtain two effective masses and two "quasi-frequencies". These additional calculations allow us to connect the two band analysis and the numerical simulation including Rashba SO interaction.
One important feature of the LK formula is that it assumes a LLs spectrum going as:
Hence, in this model, the energy splitting between neighboring Landau levels is directly linked to the value of the effective mass and is independent of n. Indeed:
For the Rashba spectrum Eq. (11), we get a very different result:
In this case, the splitting between LLs is N -dependent. As we consider the conductance which is related to the DOS at the Fermi level, this spacing can be considered as almost constant for large N . More generally, we calculate, at a given magnetic field, the LL index at the Fermi level (N ± F ). Using the constant E F approximation and restricting ourselves to E F ≥ 0 we get:
with:
In turn, Eq. (15) can be used to define two "pseudofrequencies" via:
We get:
We observe that F + (1/B) and F − (1/B) depend on the magnetic field strength; this is the reason why we call them "pseudo-frequencies". This dependence is due to the nonlinear spacing of the Rashba/Zeeman split LLs.
is a increasing function of B. As shown in the main text, even though this magnetic field dependence is weak, it can be evidenced in our experimental oscillations.
For the experimental determination of F + as a function of 1/B we used two techniques. The first one consists in using filtering techniques or the second derivative of ∆σ to isolate the oscillations associated to F + (red and green dots in Fig. 4a of the main text) , dividing the field range in 4 regions of equal size in 1/B and fitting the oscillations (in each region) with a cosine of constant frequency. The second one is to compute the short time Fourier transform (FT) of ∆σ (color plot in Fig. 4a of the main text) . For F − , due to the limited number of oscillations, we could only apply the first technique.
Coming back to Eq. (14) , the splitting between LLs at the Fermi level in a Rashba/Zeeman scenario is obtained by inserting Eq. (15) into Eq. (14):
which, if we define
can be rewritten in the same form as Eq. (13):
Hence, in a magnetotransport experiment, if m * ± does not vary too much with magnetic field, a Rashba/Zeeman split LLs spectrum can be interpreted as two independent series of LLs of the form given by Eq. (12) (i.e. an analysis of the quantum oscillations using the LK formula will not fail altogether). However, in this case, the effective mass associated with F + (1/B) is larger than the effective mass associated with F − (1/B) . This is exactly what we find.
We note that, with the parameters extracted from the fit shown in Fig. 3 of the main text, we find that the dependence of m * ± on magnetic field is only of 5-10% between 2 and 8 T, which is below our experimental resolution.
Formula similar to the ones found in this section can be found in Ref. 5 .
S6 -Determination of the effective masses associated with the quantum oscillations stemming from inter-sub-band scattering
According to theory the two components related to the inter-sub-band scattering have a different temperature behavior; a higher effective mass is associated to the one at F + + F − than to the one at F + − F − .
In Fig. 4 , we present an analysis of the temperature dependence of the oscillations associated with the maxima of the FT located at F + + F − and F + − F − , for the measurement at the doping with the highest conductance (5.27 mS). We used band pass filters (whose limits are illustrated in Fig. 4 ) to select the different components of our spectrum. We obtain an effective mass of 1.75m e and 2.5m e for the component at F + − F − and F + + F − , respectively. Due to the weak contribution of these frequencies to the total FT a nonnegligible weight from the neighboring peaks is probably biasing our estimations.
Using the formula in [6] , and the parameters of the fit presented in Fig. 3 of the main text, we calculate a mass of ≈ 1.2m e (at B = 5 T) for the peak at F + − F − , in reasonable agreement with our result. . This nicely illustrates the fact that the position of the "+" LLs follows a simple evolution only for limited regions of the diagram. Conversely, we observe that at precise locations the amplitude of the SdH oscillations is strongly suppressed. 
